Modifications to the properties of the Higgs boson  by Manohar, Aneesh V. & Wise, Mark B.
Physics Letters B 636 (2006) 107–113
www.elsevier.com/locate/physletb
Modifications to the properties of the Higgs boson
Aneesh V. Manohar a,∗, Mark B. Wise b
a Department of Physics, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0319, USA
b California Institute of Technology, Pasadena, CA 91125, USA
Received 16 February 2006; received in revised form 9 March 2006; accepted 9 March 2006
Available online 20 March 2006
Editor: B. Grinstein
Abstract
We explore the impact of new SU(3)× SU(2)×U(1) invariant interactions characterized by a scale of order a TeV on Higgs boson properties.
The Higgs production rate and branching ratios can be very different from their standard model values. We also discuss the possibility that these
new interactions contribute to acceptable unification of the gauge couplings.
 2006 Elsevier B.V. Open access under CC BY license. 1. Introduction
The standard model for strong weak and electromagnetic
interactions has provided an extremely successful description
of experimental results. The recent measurements of neutrino
masses and mixings indicate new physics beyond that of the
Glashow–Salam–Weinberg (GSW) theory.
Many of the extensions of the standard model proposed in
the literature have been motivated by the hierarchy puzzle. The
same naturalness arguments that make us uncomfortable about
the smallness of the Higgs mass compared with the unification
or Planck scales also apply to the cosmological constant. There
is now experimental evidence for a cosmological constant of
order (10−3 eV)4, so Nature does not seem concerned about
violations of naturalness.
If one does not use naturalness to motivate what new physics
might occur at the weak scale, then a more experimentally
motivated approach is warranted. We shall assume that the
SU(3)× SU(2)×U(1) GSW theory is valid at the electroweak
symmetry breaking scale of order v  250 GeV, and any new
particles are at a mass scale heavier than the Higgs vacuum
expectation value, so that their effects for Higgs physics can
be parameterized in terms of SU(3) × SU(2) × U(1) invariant
higher dimension operators in the standard model.
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Open access under CC BY license. As we emphasize in this Letter, it is possible that new
physics associated with a mass scale well above the Higgs vac-
uum expectation value can have significant impact on the prop-
erties of the Higgs boson and still be consistent with the present
experimental constraints on extensions of the standard model.1
As a simple example, consider adding to the standard model the
dimension six operator,
(1)δL= −cGg
2
3
2Λ2
H †HGAµνG
Aµν,
where GAµν is the gluon field strength tensor and H is the
Higgs doublet. Expanding about the Higgs vacuum expectation
value v  250 GeV,
δL= −cGg
2
3v
2
4Λ2
GAµνG
Aµν − cGg
2
3vh
2Λ2
GAµνG
Aµν
(2)− cGg
2
3h
2
4Λ2
GAµνG
Aµν.
The first term in Eq. (2) has the same form as the gluon ki-
netic term. It can be eliminated by rescaling the gluon field,
and so can be absorbed into a shift of the gluon coupling con-
stant. As a result, the coefficient of the operator in Eq. (1) is
only constrained by Higgs boson physics. The term linear in h
1 Models where the Higgs decays to new invisible light degrees of freedom
have been studied for example in Refs. [1,2]. In our work there are no additional
light degrees of freedom beyond those in the standard model.
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For mh = 120 GeV, this correction increases the production
rate by about 20% if cG is negative and Λ/v  50√cG. Size-
able changes (i.e., big enough to be relevant for LHC Higgs
searches) in the properties of the Higgs boson are possible even
if the scale of new physics Λ is greater than a TeV. The rea-
son for this is that in the standard model, the production cross
section σ SM(gg → h) results from a one-loop matrix element
gg → h, and so has enhanced sensitivity to new physics.
The new physics effects we consider in this Letter are those
which can significantly modify the gg → h production rate
and the h → gg, h → γ γ and h → γZ decay rates, all of
which have one loop standard model amplitudes. In Section 2,
we write down the dimension six operators that are impor-
tant for the h → gg, γ γ, γZ amplitudes. The experimental im-
plications of these operators for Higgs production and decay
is discussed in Sections 3 and 4. The results given in these
sections are general, and only depends on the existence of
SU(3) × SU(2) × U(1) invariant operators at some scale Λ
above the weak scale v. There are several hints for the exis-
tence of a unified theory at a high scale of order 1015 GeV. In
Section 5, we examine the implications of unification for the
size of the higher dimension operators. Conclusions are given
in Section 6.
2. Operators
We are interested in non-renormalizable operators that, when
added to those in the minimal standard model, change the rates
for the processes gg → h, h → γ γ and h → Zγ . The rates for
these processes are measurable at the LHC and are sensitive to
beyond the standard model physics since their standard model
amplitudes start at one loop.2 The relevant dimension six oper-
ators are:
δL= −cGg
2
3
2Λ2
H †HGAµνG
Aµν − cWg
2
2
2Λ2
H †HWaµνW
aµν
− cBg
2
1
2Λ2
H †HBµνBµν − cWBg1g22Λ2 H
†τaHBµνWaµν
− c˜Gg
2
3
2Λ2
H †HG˜AµνG
Aµν − c˜W g
2
2
2Λ2
H †HW˜aµνW
aµν
(3)
− c˜Bg
2
1
2Λ2
H †HB˜µνBµν − c˜WBg1g22Λ2 H
†τaHB˜µνWaµν,
where g1 and g2 are the weak hypercharge and SU(2) gauge
couplings, Bµν is the field strength tensor for the hypercharge
gauge group and Waµν is the field strength tensor for the weak
SU(2) gauge group. In Eq. (3) G˜Aµν = (1/2)µνλσGAλσ , etc.
denote the duals of the field strength tensors. The first four op-
erators in Eq. (3) conserve CP , and the last four violate CP .
2 Strictly speaking, it is the Higgs production cross section times branching
ratios for the above decays that are measurable. However, the total width for
Higgs decay is approximately independent of the contributions of the higher
dimension operators we are considering since the total width is dominated by
the channels, h → bb¯, h → ZZ∗ and h → WW∗ which arise in the standard
model from tree level matrix elements.The CP violating amplitudes do not interfere with the standard
model amplitudes for Higgs decay. A complete list of dimen-
sion six operators can be found in Ref. [4]. The influence of
these operators on some aspects of Higgs boson production was
considered in Ref. [5–7].
Most of the terms in Eq. (3) are not constrained by precision
electroweak physics, which is mainly sensitive to corrections
to the gauge boson propagators. If we replace the Higgs field
by its vacuum expectation value, the first three terms in Eq. (3)
just give a redefinition of the gauge couplings. The cWB term
produces kinetic mixing of the W3 and B fields, and contributes
to the variable S [8],
(4)cWB = − 18π
Λ2
v2
S.
The CP violating terms are discussed at the end of this section.
The experimental value of the S-parameter is S = −0.13 ±
0.10 for mh = 117 GeV, and it decreases modestly as the Higgs
mass increases. Suppose the central value S = −0.13 was due
to the operator with coefficient cWB . This implies that Λ/v 
14√cWB and that cWB is positive. Consistency with precision
electroweak physics is not a strong constraint. For example, if
cG is the same magnitude, Λ/v  14√cG, then the production
rate σ SM(gg → h) is almost zero if cG is positive, and 4 times
its standard model value if cG is negative! Since there can be
very large enhancements of the Higgs production rate, one can
place constraints on the c’s from existing tevatron data.
Naive dimensional analysis [9] suggests that the coefficients
cj are of order g2Y /(16π2), a value obtained by estimating
the size of loop graphs. Here gY is a coupling constant of
the new heavy degrees of freedom in the loop to the Higgs
doublet. This estimate holds even if the new physics is non-
perturbative. However, there can be numerical enhancements
associated with the number of degrees of freedom that con-
tribute to loop graphs. For example, the degrees of freedom
associated with the new physics could come in three genera-
tions just like the ordinary quarks and leptons. Consequently,
for gY ∼ 1, values for |cj | of order 0.1 are reasonable. We will
use values in the range 0.01–0.1 when discussing the numer-
ics. Coefficients of order 0.1 play a role in the meeting of the
couplings if there is unification, and can easily arise if the new
physics degrees of freedom are in complete multiplets of a uni-
fication group—see Section 5.
The typical values for c that we use are smaller than those
needed for observable effects in other gauge boson amplitudes
that have been studied. Extensive studies have been made of the
anomalous WWγ couplings λγ and 
κγ [10]. The same naive
dimensional estimates used above give
λγ ∼ g22
(
MW
Λ
)2
c ∼ (2 × 10−3)c,
(5)
κγ ∼ g22
(
v
Λ
)2
c ∼ (2 × 10−2)c,
where we have used Λ = 1 TeV. Current experimental limits on
these parameters are −0.86 < 
κγ < 0.96 and |λγ | < 0.2 [11].
Observable effects in anomalous gauge couplings would corre-
spond to c’s of order 100, a factor of thousand larger than the
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tion and decay rates provide a much more sensitive test for new
physics than these anomalous gauge couplings.
The CP violating terms in Eq. (3) with the Higgs field re-
placed by its vacuum expectation value become topological
terms such as GG˜, which are total derivatives, and do not con-
tribute in perturbation theory. They do contribute to the θ an-
gle, and hence to the neutron electric dipole moment. The CP
violating terms in Eq. (3) expanded to linear or quadratic or-
der in the Higgs field generate CP violating operators such as
GG˜ and GGG˜ [12] when heavy particles such as the Higgs
and top quark are integrated out. The GG˜ operator also con-
tributes to the θ angle and the neutron electric dipole moment.
We assume that the entire GG˜ contribution to θ is removed
by whatever mechanism solves the strong CP problem, oth-
erwise it generates a neutron electric dipole moment which is
experimentally ruled out by several orders of magnitude. Ax-
ion models, for example, eliminate the net low energy value
of θ , and so remove any contributions to θ from Eq. (3). The
dimension-six GGG˜ operator also contributes to the neutron
electric dipole moment. Following the analysis of Ref. [12],
ignoring any anomalous dimensions, and using naive dimen-
sional analysis, we estimate that the induced neutron electric
dipole moment from the operator in Eq. (3) involving GG˜ is
d ∼ 10−25 e cm × c˜G × (1 TeV/Λ)2. This is consistent with
the current experimental limits for the range of parameters con-
sidered here. Similar analyses hold for the other CP violating
operators in Eq. (3).
3. Higgs production and decay rates
The operators in Eq. (3) lead to additional vertices of the
form hGAµνGAµν , hWaµνWaµν , etc. when H is expanded in
powers of the Higgs field. These additional local vertices mod-
ify the Higgs decay amplitude, which we compute in this sec-
tion.
The decay h → gg is not observable at the LHC. For a Higgs
in the mass range we are considering, its dominant production
mechanism at the LHC is via gg → H . In the standard model,
the dominant gg → h (or h → gg) amplitude is due to a virtual
top quark loop. The gg → h amplitude, even for a 120 GeV
Higgs, is well approximated by the amplitude in the mt → ∞
limit (for a review see Ref. [13]). In the mt → ∞ limit, the stan-
dard model gg → h amplitude is given by a local hGAµνGAµν
operator, so the QCD radiative corrections from scales below
mt to the standard model amplitude and the new physics correc-
tion are identical, since both amplitudes have the same operator
form. For this reason, we will give the ratio of the modified
production and decay rates to their standard model value. At
present the gg → h production mechanism has been calculated
to NNLO order and a soft gluon resummation has been done
[14–16]. The theoretical uncertainty from higher order QCD
corrections is estimated to be around 10%. There are also ad-
ditional sources of uncertainly in the theoretical prediction for
the cross section, for example, from the uncertainty in the par-
ton distributions and the top quark mass.3.1. gg → h or h → gg
The ratio is
σ(gg → h)
σ SM(gg → h) 
Γ (h → gg)
Γ SM(h → gg)
(6)
∣∣∣∣1 − 8π
2v2cG
Λ2Ig
∣∣∣∣
2
+
∣∣∣∣8π
2v2c˜G
Λ2Ig
∣∣∣∣
2
,
where the standard model amplitude is dominated by integrat-
ing out the top quark
(7)Ig = If
(
m2h/
(
4m2t
)
,0
)(
1 + 11
4
αs
π
)
,
with
(8)
If (a, b) =
1∫
0
dx
1−x∫
0
dy
1 − 4xy
1 − 4(a − b)xy − 4by(1 − y) − i0+
using the notation of Ref. [3] for the parameter integral.3 In
Eq. (6) we have included the standard model two loop matching
[17,18] onto the operator hGAµνGAµν in the large mt limit, mul-
tiplied by the exact one loop expression for the amplitude If .
This expression gives the full mh/mt dependence of the leading
term, and gives the αs correction for mt → ∞. The αs correc-
tion is numerically about 10%. The α2s and α3s corrections for
the hgg, hγ γ and hγZ amplitudes are also known [18]. Their
contributions are smaller, and not included here. Radiative cor-
rections from initial state gluon radiation, etc. cancel out in the
ratio Eq. (6) in the mt → ∞ limit. We have also neglected the
running of the coefficient cG between the scale of new physics
Λ and the top quark mass. This correction can be computed,
and is about 2%.
Two gluons can also produce a Higgs via associated produc-
tion off heavy quarks [19,20], i.e., gg → QQ¯h. Eq. (6) does
not include this process. The amplitude for associated Higgs
production off of heavy quarks starts at tree level and so we ex-
pect it to be largely unaffected by new physics effects at the
TeV scale.
3.2. h → γ γ
The ratio is
(9)Γ (h → γ γ )
Γ SM(h → γ γ ) 
∣∣∣∣1 − 4π
2v2cγ γ
Λ2I γ
∣∣∣∣
2
+
∣∣∣∣4π
2v2c˜γ γ
Λ2I γ
∣∣∣∣
2
,
where cγ γ = cW + cB − cWB , c˜γ γ = c˜W + c˜B − c˜WB . The stan-
dard model amplitude is given by
(10)
I γ = I γW
(
m2h/
(
4m2W
)
,0
)+ NcQ2t If (m2h/(4m2t ),0)
(
1 − αs
π
)
,
where the fermion contribution is dominated by the top quark
loop. The Feynman parameter integral I γW is defined as in
3 Note that f2 → −f2 in the explicit evaluation of the parameter integral
given in Eq. (4) of Ref. [3].
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(11)
I
γ
W (a, b) =
1∫
0
dx
1−x∫
0
dy
−4 + 6xy + 4axy
1 − 4(a − b)xy − 4by(1 − y) − i0+ .
In Eq. (10) Nc = 3 is the number of colors and Qt = 2/3 is
the top quark charge. An analytic expression for the Feynman
parameter integration I γW (a, b) is known [3].
3.3. h → γZ
The ratio is
(12)Γ (h → γZ)
Γ SM(h → γZ) 
∣∣∣∣1 − 4π
2v2cγZ
Λ2IZ
∣∣∣∣
2
+
∣∣∣∣4π
2v2c˜γZ
Λ2IZ
∣∣∣∣
2
,
where cγZ = cW cot θW − cB tan θW − cWB cot 2θW , c˜γZ =
c˜W cot θW − c˜B tan θW − c˜WB cot 2θW , and the standard model
amplitude is
IZ = IZW
(
m2h/
(
4m2W
)
,m2Z/
(
4m2W
))
(13)+ NcQtgt If
(
m2h/
(
4m2t
)
,m2Z/
(
4m2t
))(
1 − αs
π
)
,
with gf = (T3f − 2 sin2 θWQf )/ sin 2θW , T3t = 1/2 the weak
isospin of the left handed top quark, and IZW defined as in
Ref. [3],
IZW (a, b)
= 1
tan θW
1∫
0
dx
1−x∫
0
dy
(14)
× [5 − tan
2 θW + 2a(1 − tan2 θW )]xy − (3 − tan2 θW )
1 − 4(a − b)xy − 4by(1 − y) − i0+ .
We have only included the dominant fermionic contribution to
IZ which comes from the top quark. Note that NcQtgt = (3 −
8 sin2 θW )/(3 sin 2θW ). An analytic expression for the Feynman
parameter integration IZW (a, b) is known [3].
4. Numerics
We will use the PDG [21] central values MW = 80.425 GeV,
MZ = 91.1876 GeV, mt = 174.3 GeV, sin2 θW = 0.23120,
and α−1(MZ) = 127.918 for our numerical work. The stan-
dard model amplitudes, Ig , I γ , IZ are plotted in Figs. 1 and 2,
as a function of the Higgs mass. For the radiative correction,
we have used αs → αs(mt ) = 0.108. Since their dependence
on the Higgs mass is weak, simple approximation formulae are
possible for the quantities 1/Ig , 1/Iγ and 1/IZ . In the region
110mh  300 GeV,
(15)1
Ig
= 2.76 − 6.37 × 10−2
(
mh
100 GeV
)2
,
with a maximum error less than 0.02, and in the region 110
mh  160 GeV,
1
γ
= −0.85 + 0.16
(
mh
)2
,
I 100 GeV(16)1
IZ
= −0.51 + 0.10
(
mh
100 GeV
)2
,
with errors less than 0.04.
Ig is the smallest in magnitude, so if all the coefficients cj
were the same size, the new physics would be most important
for the gg → h cross section. In Fig. 3 we plot the gg → h ra-
tio in Eq. (6) as a function of cG × (1 TeV/Λ)2 with c˜G = 0
for mh = 120,140,160 GeV. The gg → h rate depends very
weakly on the Higgs mass in this range. The new physics con-
tributions make a dramatic difference to the production rate. For
Λ = 1 TeV and cG = 0.01 the production cross section is 76%
of its standard model value and for cG = −0.05 it is 3 times its
standard model value.
In Figs. 4 and 5 we plot the h → γ γ and h → γZ ratios
in Eqs. (9) and (12) as a functions of cγ γ × (1 TeV/Λ)2 and
cγZ ×(1 TeV/Λ)2 respectively, when c˜γ γ = c˜γZ = 0 and mh =
120,140,160 GeV. There is a much larger dependence on the
Higgs mass than for gg → h. Consider the choice of parame-
ters mh = 140 GeV, Λ = 1 TeV and cW = cB = 0.01, cWB = 0,
which are small values for the c’s, and correspond to cγ γ = 0.02
and cγZ  0.013. The Higgs decay rate to two photons is in-
creased by 6% over its standard model value and the Higgs de-
cay rate to a photon and a Z boson is increased by roughly 2%
over its standard model value. For larger values of the coeffi-
cients cγ γ and cγZ , the rates can be changed substantially from
Fig. 1. The standard model h → gg amplitude Ig given by Eq. (7) plotted as a
function of the Higgs mass.
Fig. 2. The standard model h → γ γ amplitude Iγ given by Eq. (10) (solid
curve) and the h → γZ amplitude IZ given by Eq. (13) (dashed curve) plotted
as a function of the Higgs mass.
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function of cG for mh = 120 GeV (dashed red), mh = 140 GeV (solid black)
and mh = 160 GeV (dotted blue). The variation with Higgs mass is very small.
Fig. 4. The ratio of the h → γ γ decay rate to its standard model value as a
function of cγ γ for mh = 120 GeV (dashed red), mh = 140 GeV (solid black)
and mh = 160 GeV (dotted blue).
Fig. 5. The ratio of the h → γZ decay rate to its standard model value as a
function of cγZ for mh = 120 GeV (dashed red), mh = 140 GeV (solid black)
and mh = 160 GeV (dotted blue).
their standard model values. If cγ γ = cγZ = 0.1, the h → γ γ
and h → γZ rates are 1.30 and 1.16 times their standard model
values.
The event rate for γ γ and γZ final states, which will be used
to search for Higgs bosons with mh < 2MW , depend on the
product σ(gg → h)Γ (h → γ γ ) and σ(gg → h)Γ (h → Zγ ).
For mh > 2MW , the dominant signal is via the h → WW
decay mode, which has a tree-level amplitude in the standard
model. The new physics contributions are much smaller than
the tree-level amplitude, so Γ (h → WW) is virtually unaf-
fected by new physics contributions. The WW event rate is
still sensitive to new physics via the production cross section
σ(gg → h).
5. Unification as a guide to the size of coefficients
The smallness of neutrino masses suggests that, in the GSW
model, they are generated via non-renormalizable dimension
five operators. Such dimension five operators arise in unified
theories via the seesaw mechanism [22], and the size of ob-
served neutrino masses is consistent with this idea if the unifica-
tion scale is of order 1015 GeV. The approximate unification of
the coupling constants in the GSW model when evolved to high
energies also suggests the existence of a unified theory at some
high scale of order 1015−19 GeV, e.g., SO(10) with fermions in
the 16 or SU(5) with fermions in the reducible representation
1 + 5¯ + 10.
In unified theories with a high unification scale, triviality
of λφ4 theory implies that the Higgs must be relatively light
[23]. The Higgs mass upper bound for a unification scale of
1015 GeV is about 170 GeV [24]. Another indication that the
Higgs boson is light is from a fit to all the precision electroweak
data [21]. For these reasons, the mh < 2MW region, which we
concentrate on this Letter, is particularly interesting to study.
New physics gives rise to shifts in the gauge couplings, for
example from the first term in Eq. (2). Since the low-energy
values of the couplings are fixed by experiment, this implies a
shift in the high-energy values of the coupling. This, in turn,
affects the unification of the coupling constants. In this sec-
tion we explore what sizes of the coefficients, such as cG, have
significant impact on the condition that coupling constant uni-
fication holds. If the degrees of freedom associated with new
physics come in complete SU(5) multiplets,4 then they will
not affect the running at the leading logarithmic level, but will
through threshold effects such as cG. We will assume complete
SU(5) multiplets for the purposes of this analysis, for simplic-
ity. It is straightforward to eliminate this assumption, but the
results then depend on the particle content assumed for the new
physics.
The new terms that are relevant for coupling constant unifi-
cation are dimension four operators
(17)
δL= −Gg
2
3
2
GAµνG
Aµν − Wg
2
2
2
WaµνW
aµν − Bg
2
1
2
BµνB
µν.
4 Note that SO(10) representations form complete SU(5) multiplets.
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sponding ’s in Eq. (17). Rescaling the gauge fields to remove
these terms changes the gauge couplings from their values in
standard unification (SU) to their measured values, g1, g2, g3.
To first order in G,W,B :
g1 = g(SU)1
[
1 −
(
4παe
cos2 θW
)
B
]
,
g2 = g(SU)2
[
1 −
(
4παe
sin2 θW
)
W
]
,
(18)g3 = g(SU)3 [1 − 4παsG],
or equivalently,
αe = α(SU)e
[
1 − 8παe(B + W )
]
,
sin2 θW = sin2 θ(SU)W + 8παe
(
cos2 θWW − sin2 θWB
)
,
(19)αs = α(SU)s [1 − 8παsG].
Here a superscript (SU) denotes the value in standard unifica-
tion without the modifications that Eq. (17) cause to the gauge
couplings.
At the leading logarithmic level standard unification predicts
that,
(20)
sin2 θ(SU)W (MZ) =
3(b3 − b2)
∆b
+ (5b2 − 3b1)
∆b
[
α
(SU)
e (MZ)
α
(SU)
s (MZ)
]
and
(21)ln
(
MG
MZ
)
= 6π
∆b
[
1
α
(SU)
e (MZ)
− 8
3
1
α
(SU)
s (MZ)
]
,
where MG is the unification scale, ∆b = 8b3 − 3b1 − 3b2,
b1 = 0 − 209 ng −
1
6
,
b2 = 223 −
4
3
ng − 16 ,
(22)b3 = 11 − 43ng + 0,
are the coefficients of the one-loop β-functions,
(23)µdgi
dµ
= − bi
16π2
g3i + · · · .
The three terms in Eq. (22) are the gauge boson, fermion and
Higgs doublet contributions, respectively, and ng is the number
of generations. Since we are neglecting matching corrections at
the GUT scale we imposed the conditions,
(24)g(SU)3 (MG) = g(SU)2 (MG) =
√
5
3
g
(SU)
1 (MG).
Using the relations between the measured gauge couplings
and their values in standard unification, Eqs. (18), (19) and ne-
glecting any running between the scale Λ and MZ , the relations
Eqs. (20), (21) imply thatln
(
MGUT
MZ
)
= 6π
∆b
[
1
αe(MZ)
− 8
3
1
αs(MZ)
]
+ 48π
2
∆b
[
8
3
G − W − B
]
(25) 29.67 + 18.9G − 7.1(W + B),
sin2 θW = 3(b3 − b2)
∆b
+ (5b2 − 3b1)
∆b
[
αe(MZ)
αs(MZ)
]
+ 8παe
{
(5b2 − 3b1)
∆b
×
([
αe(MZ)
αs(MZ)
]
[B + W ] − G
)
+ [cos2 θWW − sin2 θWB]
}
(26) 0.2074 − 0.107G + 0.158W − 0.038B.
If we require that sin2 θW (MZ) = 0.23120, we get the con-
straint
(27)1 = 6.63W − 1.61B − 4.47G.
One of the problems with minimal SU(5) unification is the
proton lifetime. If the unification scale is raised by a factor f
over the minimal SU(5) unification scale, with f  10, then the
proton lifetime is consistent with the experimental limits. Using
Eq. (25), this gives the constraint
(28)lnf = 18.9G − 7.1(W + B)
with lnf  2.3.
The constraints in Eqs. (27) and (28) can be used to get
an estimate of the sizes of G,W,B that can contribute signifi-
cantly to improving the meeting of the couplings. If there are
no large cancellations between the various contributions, then
G,W,B and hence (for gY ∼ 1) cG,W,B with magnitudes of or-
der 0.1 will play a role in unification of the gauge couplings.
It has been noted previously that non-supersymmetric unifi-
cation of the couplings can arise from GUT scale threshold
corrections [25]. GUT scale threshold corrections are given by
terms such as Eq. (17) generated at the unification scale. Since
Eq. (17) contains dimension four operators, there are no pow-
ers of Λ in the denominator, and hence no information on the
scale at which they are generated. For this reason, one can only
use Eqs. (27) and (28) as an estimate for j , rather than as a
constraint.
For gY ∼ 1, naive dimensional analysis [9] predicts that
j ∼ cj ∼ 1/(16π2). This estimate comes from examining the
typical size of loop graphs. If there are many degrees of freedom
contributing in loops, then the coefficients can be larger. A sim-
ple example that generates the operators in Eq. (3) is to add a
fermion multiplet in the 16 + 16 of SO(10), with a mass Λ.
The 16 + 16 can have both a SO(10) invariant mass term, and
also couple to the 10 of SO(10) which contains the Higgs, so
it generates Higgs operators such as those in Eq. (3) when the
fermions are integrated out. The index of the 16 + 16 is 8 times
that of a fermion in the fundamental representation, so it pro-
duces coefficients j ∼ cj ∼ 8/(16π2) ∼ 0.1.
A.V. Manohar, M.B. Wise / Physics Letters B 636 (2006) 107–113 1136. Conclusions
Higgs bosons at the LHC are produced by gluon fusion,
gg → h. The favored detection channel for mh < 2MW is via
the h → γ γ rate. The h → γZ decays can also be used to
search for a Higgs lighter than 2MW . All three processes have
amplitudes which start at one loop in the standard model, and
hence are particularly sensitive to new physics. We used an
operator analysis to examine the possible impact of such new
physics on these processes. Most of the relevant operators are
unconstrained by precision electroweak physics. The produc-
tion rate σ(gg → h) and the decay rates Γ (h → gg,γ γ, γZ)
are very sensitive to beyond the standard model physics and
dramatic changes in the production cross section are possi-
ble with the new physics at a scale around a TeV and coeffi-
cients in the Lagrangian density consistent with naive dimen-
sional analysis. Tree-level standard model processes are much
less sensitive to new physics contributions. By comparing the
rates for one-loop and tree-level processes, one can determine
whether there is a new physics contribution to Higgs interaction
amplitudes. This allows one to rule out other possible explana-
tions for anomalous rates, such as modifications to the parton
distribution functions.
The γ γ and γZ decay channels will mainly be useful for a
Higgs with mh < 2MW . The gg → H production channel dom-
inates at the LHC, and so can be used to search for new physics,
even if the Higgs is heavier than 2MW . The gg → H rate is en-
hanced if cG is negative and suppressed if cG is positive; if
the suppression is large enough, other production channels can
dominate.
Acknowledgements
This work was supported in part by DOE grants DE-FG03-
97ER40546 and DE-FG03-92ER40701.
References
[1] H. Davoudiasl, T. Han, H.E. Logan, Phys. Rev. D 71 (2005) 115007.
[2] K. Belotsky, D. Fargion, M. Khlopov, R. Konoplich, K. Shibaev, Phys.
Rev. D 68 (2003) 054027.
[3] L. Bergstrom, G. Hulth, Nucl. Phys. B 259 (1985) 137;
L. Bergstrom, G. Hulth, Nucl. Phys. B 276 (1986) 744, Erratum.
[4] W. Buchmuller, D. Wyler, Nucl. Phys. B 268 (1986) 621.
[5] T. Plehn, D. Rainwater, D. Zeppenfeld, Phys. Rev. Lett. 88 (2002) 051801.
[6] T. Han, Y.P. Kuang, B. Zhang, hep-ph/0512193.
[7] H.E. Logan, Phys. Rev. D 70 (2004) 115003.[8] B. Grinstein, M.B. Wise, Phys. Lett. B 265 (1991) 326;
Z. Han, W. Skiba, Phys. Rev. D 71 (2005) 075009.
[9] A. Manohar, H. Georgi, Nucl. Phys. B 234 (1984) 189.
[10] K. Hagiwara, R.D. Peccei, D. Zeppenfeld, K. Hikasa, Nucl. Phys. B 282
(1987) 253.
[11] D0 Collaboration, V.M. Abazov, et al., Phys. Rev. D 71 (2005) 091108.
[12] S. Weinberg, Phys. Rev. Lett. 63 (1989) 2333.
[13] L. Reina, hep-ph/0512377.
[14] S. Dawson, Nucl. Phys. B 359 (1991) 283;
A. Djouadi, M. Spira, P.M. Zerwas, Phys. Lett. B 264 (1991) 440;
C.J. Glosser, C.R. Schmidt, JHEP 0212 (2002) 016;
V. Ravindran, J. Smith, W.L. van Neerven, Nucl. Phys. B 634 (2002) 247;
D. de Florian, M. Grazzini, Z. Kunszt, Phys. Rev. Lett. 82 (1999) 5209.
[15] R.V. Harlander, W.B. Kilgore, Phys. Rev. Lett. 88 (2002) 201801;
C. Anastasiou, K. Melnikov, Nucl. Phys. B 646 (2002) 220;
V. Ravindran, J. Smith, W. van Neerven, Nucl. Phys. B 665 (2003) 325.
[16] S. Catani, D. de Florian, M. Grazzini, P. Nason, JHEP 0307 (2003) 028;
G. Bozzi, S. Catani, D. de Florian, M. Grazzini, Phys. Lett. B 564 (2003)
65;
G. Bozzi, S. Catani, D. de Florian, M. Grazzini, Nucl. Phys. B 737 (2006)
73.
[17] J. Ellis, M. Gaillard, D. Nanopoulos, Nucl. Phys. B 106 (1976) 292;
A. Vainshtein, M. Voloshin, V. Zakharov, M. Shifman, Yad. Fiz. 30 (1979)
1368, Sov. J. Nucl. Phys. 30 (1979) 711;
B. Kniehl, M. Spira, Z. Phys. C 69 (1995) 77;
W. Kilian, Z. Phys. C 69 (1995) 89.
[18] T. Inami, T. Kubota, Y. Okada, Z. Phys. C 18 (1983) 69;
A. Djouadi, M. Spira, P. Zerwas, Phys. Lett. B 264 (1991) 440;
K. Chetyrkin, B. Kniehl, M. Steinhauser, Phys. Rev. Lett. 79 (1997) 353;
K. Chetyrkin, B. Kniehl, M. Steinhauser, Nucl. Phys. B 510 (1998) 61.
[19] W. Beenakker, S. Dittmaier, M. Kramer, B. Plumper, M. Spira, P.M. Zer-
was, Phys. Rev. Lett. 87 (2001) 201805;
L. Reina, S. Dawson, Phys. Rev. Lett. 87 (2001) 201804;
W. Beenakker, S. Dittmaier, M. Kramer, B. Plumper, M. Spira, P.M. Zer-
was, Nucl. Phys. B 653 (2003) 151;
L. Reina, S. Dawson, D. Wackeroth, Phys. Rev. D 65 (2002) 053017;
S. Dawson, L.H. Orr, L. Reina, D. Wackeroth, Phys. Rev. D 67 (2003)
071503;
S. Dawson, C. Jackson, L.H. Orr, L. Reina, D. Wackeroth, Phys. Rev. D 68
(2003) 034022.
[20] S. Dittmaier, M. Kramer, M. Spira, Phys. Rev. D 70 (2004) 074010;
S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, Phys. Rev. D 69 (2004)
074027;
S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, Int. J. Mod. Phys. A 20
(2005) 3353.
[21] Particle Data Group, S. Eidelman, et al., Phys. Lett. B 592 (2004) 1.
[22] M. Gell-Mann, P. Ramond, R. Slansky, Rev. Mod. Phys. 50 (1978) 721.
[23] R.F. Dashen, H. Neuberger, Phys. Rev. Lett. 50 (1983) 1897;
J. Kuti, L. Lin, Y. Shen, Phys. Rev. Lett. 61 (1988) 678.
[24] B. Schrempp, M. Wimmer, Prog. Part. Nucl. Phys. 37 (1996) 1.
[25] L. Lavoura, L. Wolfenstein, Phys. Rev. D 48 (1993) 264;
P.Q. Hung, Phys. Rev. Lett. 80 (1998) 3000;
X. Calmet, Eur. Phys. J. C 41 (2005) 245.
